Introduction
The reproducibility of results and the reusability of a sensor for detecting protein adsorption, antigen-antibody reactions, and cell adhesion are of great importance for ensuring reliable measurements. There are few technologies for analyzing the in situ dynamic interaction of biomolecules or cells on material surfaces and the change in physicochemical properties including viscoelasticity. The quartz crystal microbalance with dissipation (QCM-D) is an excellent monitoring technique for analyzing such reactions in liquids, because the modification on sensor surfaces (gold) is easier to detect with QCM-D [1, 2] than with ellipsometry [3, 4] or surface plasmon resonance [5] [6] [7] .
The treatment with ammonia and hydrogen peroxide mixture (APM, NH 3 /H 2 O 2 /H 2 O) removes dust and nanoparticles from the SiO 2 /Si surface; it is a standard treatment of the Radio Corporation of America [8] . The APM generates the hydroxyl radical ( • OH) through the reaction of H 2 O 2 with H 2 O; the hydrogen peroxide radical ( • OOH) is then produced by the reaction of the • OH radical with H 2 O 2 [9] [10] [11] . These radical species have also been used as a SiO 2 /Si etchant. The free-radical-mediated oxidation leads to the hydroxylation of amino groups of proteins, the conversion of amino acid residues to carbonyl derivatives and the cleavage of polypeptide chains [12] .
Bolon and Kunz [13] reported that exposure to ultraviolet light (UV) in an oxygen atmosphere leads to the depolymerization of photoresist polymers. The UV treatment has been widely used as an effective method of decomposing hydrocarbons on substrates [14, 15] . The common light source in such a treatment, a low-pressure mercury lamp, has intense emission lines at 185 and 254 nm. The 185 nm photons induce the dissociation of O 2 by generating singlet oxygen (O( 1 D)), which collides with inert N 2 to generate triplet oxygen (O( 3 P)) and reacts with O 2 to produce ozone (O 3 ). The UV also breaks O 3 to O( 1 D), which cleaves organic bonds such C-C, C-H and O-H [16, 17] .
In the instruction manual, Q-Sense Co. Ltd recommends a combined APM and UV treatment for cleaning gold from organic substances. Other removal methods for organic chemicals [18] or proteins [19] adsorbed on metal sensors involve detergents and monitoring by the QCM technique. For example, the amount of tripalmitin or dotriacontane desorbed from gold sensors is 88 or 78 wt%, respectively, when using octaethylene glycol mono-n-dodecyl ether as the detergent [18] , and the removal of albumin adsorbed on titanium and chromium sensors is 90 wt% when using an ionic surfactant of sodium dodecyl sulfate (SDS) at 37 or 90
• C [19] . Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) is a biocompatible ceramic used as a bone filling material together with collagen [20] [21] [22] [23] and as a drug delivery carrier [24] [25] [26] [27] . Its biocompatibility can be attributed to its mild adsorption of proteins; hence, this adsorption behavior has been widely investigated [28, 29] . HAp nanocrystal sensors used in the QCM-D technique were recently fabricated by our group by electrophoretic deposition and ultrasonic irradiation [30] [31] [32] . The HAp sensors were constructed of HAp nanocrystals precipitated by a wet chemical method, and the thickness of the HAp layer was approximately 20 nm. Repeated adsorption and removal of a tea stain on another HAp sensor (HAp/phosphate-terminated polymer/gold) was studied using the flow of a water solution of sodium tripolyphosphate and the QCM-D technique. A decrease in the frequency shift was observed during repeated testing [33] . Ionic surfactants, such as SDS, have been considered as candidates for removing chemicals adsorbed on bioceramics because of their strong exchange reactions; however, these surfactants were easily adsorbed on HAp [34] [35] [36] [37] . Effective removal methods for HAp that do not damage or change the surface properties and retain the reusability of HAp sensors are still to be developed.
In this paper, we describe the reproducibility of the adsorption of fibrinogen and fetal bovine serum (FBS) proteins on the surface of HAp nanocrystals. The proteins were removed from the HAp sensors by five different treatments: APM, UV, UV/APM, APM/UV and SDS. Surface properties, such as morphology, roughness, wettability and protein adsorption after repeated removal treatments were analyzed by contact angle measurements, Fourier transform infrared (FTIR) spectroscopy and the QCM-D technique.
Experimental details
Bovine plasma fibrinogen with the isoelectric point pI = 5.5 and molecular weight of 340 kDa was purchased from HAp nanocrystals were synthesized at 21
• C by the wet chemical method [38] . A dilute H 3 PO 4 solution was added dropwise into a Ca(OH) 2 suspension until the pH value was 8.0. HAp nanocrystal sensors were fabricated by electrophoretic deposition, as described in previous reports [30, 32] . The HAp suspension was centrifuged at 2000 g for 15 min, washed three times with ethanol and ultrasonically dispersed in ethanol at 1 wt%. Before the deposition, the gold surface of the sensor was cleaned by immersing it in APM (a 5:1:1 mixture by weight of Milli-Q-quality distilled water, H 2 O 2 and NH 3 ) for 10 min at 70
• C and then dried by blowing with N 2 gas. The cleaned surface was irradiated with UV (λ irr = 254 and 185 nm; UV/Ozone, Bioforce Nanoscience Co. Ltd) for 10 min in air. Direct-current voltage was applied at 100 V cm 
where C is a constant equal to 17.7 ng Hz -1 cm -2 .
Fibrinogen was dissolved in PBS at 1 g l −1 , and FBS was dissolved in αMEM at 10 vol%. Protein adsorption was measured after stabilizing f and D as a baseline in each buffer for 60 min. The temperature was controlled at 24.00 ± 0.05
• C for fibrinogen and at 37.00 ± 0.05
• C for FBS. After monitoring the sensor for 60 min, we rinsed it with PBS (for fibrinogen) and with αMEM (for FBS) and then dried it by blowing with N 2 gas.
The reusability of the HAp nanocrystal sensor and its measurement reproducibility for protein adsorption were investigated by the QCM-D technique with five treatments: APM, UV, their combinations and SDS. The fibrinogen adsorbed on the HAp sensor was removed after ten cycles of APM or UV treatments or their combinations. The combinations were in the order of UV and APM (UV/APM) and the reverse, APM/UV. These treatments were applied under the same conditions as adopted for the gold sensors mentioned above. The FBS proteins adsorbed on the HAp sensor were removed by the APM treatment or with 2 wt% of SDS in water. FBS proteins were adsorbed on the HAp surface after stabilizing the baseline and were then treated repeatedly with three cycles of αMEM, SDS and αMEM at 20 min intervals.
The crystalline phase of the nanocrystals dried in air was identified with powder x-ray diffraction (XRD; Ultima-III, Rigaku, CuK α radiation, λ = 1.5418 Å, V = 40 kV). The diffraction patterns were collected at room temperature in the 2θ range from 5
• to 60
• . The surface morphology and roughness after the treatments were measured by atomic force microscopy (AFM; SPM-9500; Shimadzu Inc.) in an area of 1 × 1 µm 2 . A silicon cantilever (Olympus, OMCL-AC160TS) was used in a dynamic mode. The roughness was calculated as the root-mean-square (RMS) value. The surface wettability was analyzed in air by the sessile drop method using distilled water and a contact angle meter (CA-W200; Kyowa Interface Science). The volume of the droplet was fixed at 1.5 µl and the surface area of the attached droplet was 1.6 mm 2 . The sensor surfaces were analyzed with an FTIR spectrometer (Spectrum GX; Perkin Elmer Inc.) at 2.0 cm -1 resolution and with 128-scan averaging. A variable-angle specular reflectance accessory was used at an incident angle of 60
• , and the reflected IR light was measured with a mercury-cadmium-telluride detector. Figure 1 shows the XRD pattern of HAp nanocrystals synthesized at 21
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• C. The characteristic peak at approximately 2θ = 32
• is attributed to the 211 and 112 reflections of HAp. All XRD peaks can be assigned to HAp, indicating the absence of other phases, whereas the large peak width reflects a small size of crystalline domains. Figure 2 shows the AFM topographical images of (a) gold and (b) HAp sensors. The HAp surface on the gold sensor had an RMS value of 4.1 ± 0.4 nm, which was greater than that of the gold surface (0.6 ± 0.1 nm). The gold surface was evenly covered with the HAp nanocrystals. The weight change of the deposited HAp nanocrystals was 4.6 ± 0.3 µg cm −2 , and the thickness was calculated to be 15.1 ± 0.8 nm from the density of HAp (3.14 g cm −3 ). The contact angle of the as-prepared HAp nanocrystal sensors was 49 ± 2
• . These findings were consistent with our previous reports [30, 32] . Figure 3 shows typical time evolutions of f n=3 /3 and D for the fibrinogen adsorption on the HAp sensors after up to ten cycles of the APM treatment. Most of the fibrinogen was adsorbed on the as-prepared HAp sensors in less than 2 min with a rapid frequency decrease of -79.5 ± 2.6 Hz (1.41 ± 0.05 µg cm -1 ); the adsorption continued up to 60 min with the associated frequency decrease of -90.6 ± 3.5 Hz (1.60 ± 0.06 µg cm -1 ). The adsorption behavior after 60 min (t = 120 min in figure 3 ) was classified into two regions with different D/( f n=3 /3) values of (-6.4 ± 0.5) × 10 -8 and (-17.7 ± 1.5) × 10 -8 Hz −1 , which were attributed to the conformational change of the adsorbed fibrinogen [30, 32] . The first APM treatment showed a different adsorption behavior with a decrease in f ; the amount of adsorption after 2 min was less than that on the as-prepared HAp sensors, indicating slow binding to HAp nanocrystals. The same adsorption behavior was observed for the other removal treatments in the first cycle. The contact angles of water on the fibrinogen adlayer on the HAp sensors were constant at 62 ± 1
• even after the treatments. Figure 4 shows the contact angles of water on the HAp sensors after up to 10 cycles of different treatments of the preadsorbed fibrinogen. The APM treatment generated the radical species of • OH and • OOH, but the hydrophilic functional groups, such as the hydroxyl group, were not formed on HAp. As a result, the APM treatment did not change the contact angle. In contrast, the first UV treatment dramatically decreased the contact angle to 19 ± 3
• in the third cycle and made the surface hydrophilic. The UV irradiation generated O( 1 D), which reacted with the HAp surface and formed hydroxyl groups on the surface. The contact angles of the surfaces, treated with UV/APM and APM/UV changed to 39.4 ± 5.5
• and 35 ± 10
• after the first cycle and became constant with further cycles. Similar trends were observed for these treatments of HAp without protein adsorption. Figure 5 shows FTIR spectra of the HAp sensors with adsorbed fibrinogen before and after one to five cycles of APM and APM/UV treatments. The FTIR spectrum of the as-prepared HAp sensor exhibits bands at 1100 and 1040 cm -1 , which can be attributed to the phosphate groups in the HAp lattice. The adsorption of fibrinogen reveals itself in the amide-I band at 1650 cm -1 for a C O stretching vibration and in the amide-II band at 1550 cm -1 for an in-plane N-H bending and a C-H stretching vibration. These findings are consistent with our previous report [30] . After removing fibrinogen, we could observe the phosphate bands, indicating that the HAp nanocrystals were still bound to the gold surface. While repeating fibrinogen adsorption and removing fibrinogen with the APM treatment, the amide I and II bands were detected because of the existence of some fragments of fibrinogen. The band at 1750 cm −1 was observed after the APM treatment and is attributed to the C O stretching vibration of the decomposed peptide fragments [12] . This suggests that the APM treatment is not effective in the removal procedure. In contrast, no amide I and II bands were observed after the UV, UV/APM and APM/UV treatments. Figure 6 shows typical D versus f n=3 /3 plots of fibrinogen adsorption on (a) the as-prepared HAp sensor, and of repeated fibrinogen adsorption for one to ten cycles of (b) APM, (c) UV, (d) UV/APM and (e) APM/UV treatments. The APM treatment decreased both the frequency shift and the saturated D/( f n=3 /3) value at 60 min to -67.7 ± 7.5 Hz and (-10.5 ± 1.3) × 10 −8 Hz −1 , respectively, in the tenth cycle. It did not change the surface wettability; however, the amount of adsorbed protein was decreased. This result can be explained as either some fragments of hydrolyzed fibrinogen or by nonreactive H 2 O 2 remaining on the surface and occupying the adsorption sites on the HAp nanocrystals. This interpretation is supported by the FTIR results. The UV treatment also decreased the frequency shift to -76.3 Hz in the tenth cycle because of the change in surface wettability to hydrophilic, while the saturated D/( f n=3 /3) values were almost constant with the cycle number at (-17.2 ± 0.7) × 10 −8 Hz −1 . The protein adsorption behavior generally depends on the surface wettability; therefore, we conclude that the hydrophilic surface prevented the adsorption of proteins [40] . The UV/APM and APM/UV treatments did decompose fibrinogen. However, the UV/APM treatment decreased the frequency shift and the saturated D/( f n=3 /3) values in the tenth cycle to -80.7 ± 3.2 Hz and (-6 ± 2) × 10 −8 Hz −1 , respectively. The APM/UV treatment was most efficient for the decomposition of fibrinogen and for the reproducibility of protein adsorption on the HAp sensors, indicating the importance of the order of applying the APM and UV treatments. The saturated D/( f n=3 /3) values were consistent for all cycles. Although further experiments are required to evaluate the differences in protein adsorption after these treatments, note that the change in the hydrophilic property of the HAp surface did not affect the three-dimensional configuration of the adsorbed proteins. 4.3 ± 0.8 nm for 10 cycles. These results suggest that the APM/UV treatment did not alter the surface morphology.
We have further clarified the effects of FBS adsorption and removal in the HAp sensors using treatments with APM/UV and an ionic surfactant SDS. The adsorption behavior of FBS in different solvents was described in detail in [41] . In brief, the amount of adsorption of FBS in PBS on the HAp sensors was twice that when the minimum essential medium was used as a cell culture buffer because of the adsorption of the phosphate or carbonate ions on the HAp surface. Figure 8 shows typical f n=3 /3 and D time evolutions for the adsorption of FBS on the HAp sensors with the SDS treatment. The FBS adsorption caused a rapid decrease in the f and D within 2 min. Most FBS was adsorbed on the HAp nanocrystals, as in the case of fibrinogen adsorption, in less than 2 min with a rapid frequency decrease of -49.9 ± 2.8 Hz (0.88 ± 0.05 µg cm -2 ) and the adsorption continued up to 60 min with a corresponding shift of −50.3 ± 2.5 Hz (0.89 ± 0.04 µg cm -2 ). The D versus f n=3 /3 plots (data not shown) also reveal a rapid increase stop within 2 min, and the saturated D/( f n=3 /3) value was (-5.6 ± 2.2) × 10 -8 Hz −1 . The combination of SDS and αMEM flushing was conducted twice. The f was reduced to approximately -18 Hz by the SDS treatment and restored after αMEM flushing. The subsequent FBS adsorption decreased the f, and the corresponding amount of adsorbed FBS was smaller than that in the first adsorption run. The insufficient removal of FBS by the SDS treatment alone led to the strong adsorption of SDS on HAp surfaces [37] , i.e. the exchange reaction between SDS and FBS did not occur. We conclude that the SDS treatment was not effective in removing the proteins adsorbed on the HAp nanocrystals. Figure 9 shows the D versus f n=3 /3 plots for the FBS adsorption on the as-prepared HAp sensors and the repetitive FBS adsorption behavior on the APM/UV-treated HAp sensors. The FBS adlayer on the HAp sensor had a constant contact angle of 61 ± 4
• up to the third cycle. A slight increase in the adsorbed protein mass was observed via a frequency shift of less than 5 Hz. The complete removal of FBS was also confirmed from FTIR measurements (data not shown). The saturated D/( f n=3 /3) value at 60 min was the same as that for three cycles of FBS adsorption. The FBS contains various acidic proteins such fibrinogen, bovine serum albumin, fibronectin and laminin, as well as immunoglobulin G. These proteins were successfully removed by the APM/UV treatment, which we consider the most efficient removal method for the HAp sensors. 
Conclusion
We investigated the reusability of the HAp sensors and the reproducibility of their measurements for the adsorption of fibrinogen or FBS proteins after removal procedures that included APM, UV and SDS treatments as well as their combinations. The adsorption behavior of fibrinogen depended on the removal method; in the first cycle of every treatment, the rate of fibrinogen adsorption decreased because the sensor surface became hydrophilic. The AMP and SDS treatments were not efficient in removing the proteins or their fragments from the HAp. The UV treatment decreased the amount of adsorption because the surface became hydrophilic. The UV/APM treatment retained the frequency change in the sensor, but decreased the viscoelasticity of the adsorbed proteins. The APM/UV treatment resulted in reproducible adsorption and the complete removal of proteins, and we consider it to be the most efficient procedure for removing proteins from the HAp sensor.
